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Abstract Paramagnetic lanthanide ions fixed in a protein
frame induce several paramagnetic effects such as pseudo-
contact shifts and residual dipolar couplings. These effects
provide long-range distance and angular information for
proteins and, therefore, are valuable in protein structural
analysis. However, until recently this approach had been
restricted to metal-binding proteins, but now it has become
applicable to non-metalloproteins through the use of a
lanthanide-binding tag. Here we report a lanthanide-bind-
ing peptide tag anchored via two points to the target pro-
teins. Compared to conventional single-point attached tags,
the two-point linked tag provides two to threefold stronger
anisotropic effects. Though there is slight residual mobility
of the lanthanide-binding tag, the present tag provides a
higher anisotropic paramagnetic effect.
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Introduction

Long-range distance and angular information is useful for
the structural analysis of large proteins, multidomain pro-
teins and protein complexes (Gaponenko et al. 2002, 2004;
Battiste and Wagner 2000; Vlasie et al. 2008; Tang et al.
2006; Rumpel et al. 2007). Paramagnetic lanthanide ions
induce several NMR effects on observed nuclei, including
a pseudo-contact shift (PCS) and a residual dipolar cou-
pling (RDC), due to anisotropy of the magnetic suscepti-
bility tensor (Ay-tensor; Bertini et al. 2005, 2008; Otting
2008). The PCS provides distance and angular information
between the lanthanide ion and the observed nuclei situated
up to approximately 40 A from the lanthanide ion (Alleg-
rozzi et al. 2000), whereas the RDC provides molecular
alignment information independent of distance (Bertini
et al. 2001b; Barbieri et al. 2002). Therefore, the para-
magnetic lanthanide ions are useful probes for solution
structure determination by NMR and have been applied
successfully to metalloproteins (Bertini et al. 2001b, 2004,
2007; Barbieri et al. 2002; Pintacuda et al. 2006, 2007;
Allegrozzi et al. 2000). Metal ions such as Ca** and Mg*"
ions can be replaced by lanthanide ions as they share
similar chemical properties. However, the application of
the paramagnetic lanthanide ions to non-metalloproteins
requires anchoring of the lanthanide ions to the target
proteins. A wide variety of lanthanide ion anchoring tags
have been developed, including lanthanide binding peptide
tags (LBTs; Su et al. 2006, 2008a; Gaponenko et al. 2000;
Woéhnert et al. 2003; Martin et al. 2007; Ma and Opella
2000; Zhuang et al. 2008) and synthetic lanthanide che-
lating reagents (Dvoretsky et al. 2002; Haberz et al. 2006;
Pintacuda et al. 2004; Prudéncio et al. 2004; Rodriguez-
Castafieda et al. 2006; Ikegami et al. 2004; Leonov et al.
2005; Gaponenko et al. 2002, 2004; Vlasie et al. 2007,
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Keizers et al. 2007, 2008; Su et al. 2008b). These tags are
attached to the target proteins through N- or C-terminal
fusion (Gaponenko et al. 2000; Wohnert et al. 2003; Martin
et al. 2007; Ma and Opella 2000; Zhuang et al. 2008) or the
formation of a disulfide bond with cysteine residues (Su
et al. 2006, 2008a, 2008b; Dvoretsky et al. 2002; Haberz
et al. 2006; Pintacuda et al. 2004; Prudéncio et al. 2004;
Ikegami et al. 2004; Leonov et al. 2005; Gaponenko et al.
2002, 2004; Vlasie et al. 2007; Keizers et al. 2007, 2008).
However, the mobility of the tag; i.e., the mobility of the
lanthanide ion, reduces the anisotropic effect (Bertini et al.
2004, 2007; Su et al. 2008a). Therefore, tag rigidity is
required for obtaining structural information using para-
magnetic lanthanide probes.

The two-point anchoring method has the potential to
reduce the mobility of the tag. The symmetrically designed
synthetic chelators can be anchored to the protein via two
disulfide bonds (Rodriguez-Castafieda et al. 2006; Vlasie
et al. 2007; Keizers et al. 2007; Keizers et al. 2008).
However, most of these synthetic tags are not commer-
cially available and there is just one published tag that
avoids peak doubling due to enantiomeric conformer of the
lanthanide-substituted tag (Keizers et al. 2007, 2008).
Meanwhile, lanthanide binding peptide tags (LBTs) are
superior to these tags, in terms of availability, chiral purity
and rigidity because of their bulkiness (Su et al. 2008a, b).
Here, we report a method that utilizes a lanthanide-binding
peptide tag, CYVDTNNDGAYEGDEL (LBT) (Nitz et al.
2003, 2004; Su et al. 2006, 2008a), linked to the target
protein via two anchoring points, a disulfide bridge and an
N-terminal fusion. This method was applied to the Bl
immunoglobulin binding domain of protein G (GB1) as a
model protein to evaluate the Ay-tensor of the paramag-
netic lanthanide ions. We also prepared the GBI linked to
the LBT via a single disulfide bond and compared the
rigidity of the tag anchored by two-points and a single
point based on the size of both the Ay-tensor and alignment
tensors obtained from PCS and RDC analysis. The results
demonstrated the potential usefulness of the present two-
point anchoring tag.

Materials and methods
Protocol for the two-point anchoring of the LBT to GB1

The lanthanide-binding peptide tag, CYVDTNNDGAYE
GDEL (LBT), was linked to GB1 via a disulfide bridge and
an N-terminal fusion as shown in Fig. 1. First, we designed
the LBT fusion construct of the GB1 E19C mutant con-
taining a 6xHis fusion tag and the tobacco etch virus (TEV)
cleavage site. 6xHis was used for affinity purification
and the TEV cleavage exposed the Cys residue at the
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N-terminus for use in the disulfide bridge formation. The
position of the cysteine mutation in GB1 as well as the
linker length were designed based on the structure of both
LBT (Nitz et al. 2004) and GB1 (Gronenborn et al. 1991)
according to the following considerations. In the crystal
structure of the LBT, the distance between the C, atoms of
the N- and C-terminal residues is around 7 A. We searched
for a residue about 7 A in distance from Met1 of GBI1, and
found Glul9. The C, distance between Metl and Glul9
was 6.1 A. Thus we introduced an E19C mutation to GBl1,
and the LBT was fused to the N-terminus of the GB1 E19C
mutant. A linker between the LBT and GB1 was introduced
to avoid structural distortion and steric hindrance. We
prepared three constructs containing one- (Thr), two- (Gly-
Thr) and three-residue (Ser-Gly-Thr) linkers, respectively.
The construct with the three-residue linker was selected by
comparing the 'H-'>N HSQC spectra of these constructs
complexed with Tm>*.

The construct with the three-residue linker was expres-
sed using an E. coli expression system and purified by Ni-
NTA affinity chromatography (QIAGEN) and gel filtration
chromatography (HiLoad 26/60 Superdex 75 pg, GE
Healthcare). Before the gel filtration chromatography, the
cysteine residue at the N-terminus was exposed by TEV
protease digestion. Finally, the construct was diluted to a
concentration of 10-20 uM and incubated with 1 mM
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) for 2 h at
room temperature to form an intramolecular disulfide bond.
After incubation, DTNB was removed by dialysis. No

20 75

1
LT
ENLYFO/C(YVDTNNDGAYEGDEL GBY

TEV '~_

Cys

Fig. 1 Scheme of the two-point attachment of the LBT and the
structure of the L2GB product determined by NMR. The L2GB
contains 6xHis and the tobacco etch virus (TEV) protease cleavage
site. The sphere in the structure represents the La*" ion, and the
dashed circle indicates disulfide bond connecting the LBT and GBI.
The structure of L2GB was drawn using the program PyMOL
(DeLano 2002)
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intermolecular disulfide bond formation was detected by
non-reducing SDS—-PAGE analysis (data not shown).

Preparation of L1GB

To evaluate the mobility of the two-point anchoring tag, we
also prepared L1GB, in which the LBT was attached to the
GB1 E19C mutant by a single disulfide bond, based on the
protocols reported by Su et al. (2006, 2008a). GB1 E19C
and the LBT were prepared separately using an E. coli
expression system. GB1 E19C was subcloned into the pET-
28 vector (novagen) containing a hexahistidine-tag and a
TEV cleavage site. GB1 E19C was purified by Ni-NTA
affinity chromatography and gel filtration chromatography,
with the removal of the hexahistidine-tag by TEV protease
before the gel filtration chromatography. The LBT was
subcloned into the pET-21 vector (novagen) containing a
GBI1 as an expression tag and a HRV3C cleavage site. A
hexahistidine-tag was then fused to the C-terminus of the
LBT. The LBT was purified by Ni-NTA affinity chroma-
tography and gel filtration chromatography, and then
digested by HRV3C protease. The LBT was separated from
GBI using reversed phase chromatography (RESOURCE
RPC, GE Healthcare). The integrity of the LBT was
checked using a MALDI-TOF mass spectrometer (Applied
Biosystems). The GB1 E19C mutant and LBT were joined
using DTNB as follows. First, the GB1 E19C mutant was
incubated with 3 mM DTNB to form a GB1-TNB complex
linked via a disulfide bond. After incubation for 2 h at
room temperature, excess DTNB was removed by desalting
(HiPrep 26/10 Desalting, GE Healthcare). Next, the LBT
was added to GB1-TNB and incubated for 4 h at room
temperature. At this step, the disulfide bond was exchanged
to form GB1-LBT, henceforth referred to as L1GB. L1GB
was separated from the unreacted elements using Ni-NTA
affinity chromatography and gel filtration chromatography.

NMR spectroscopy and structural calculations

All NMR spectra were acquired using Varian UNITY
inova spectrometers operating at 600 and 800 MHz. Both
L2GB and LI1GB solutions were concentrated and
exchanged with NMR buffer (20 mM MES pH 6.5 50 mM
NaCl). For the structure determination of L2GB in complex
with La*", '>C/"*N-labeled L2GB with two equivalent of
La®" was prepared. All the NMR experiments were carried
out at 295 K, as described previously (Saio et al. 2007).
Data analysis was performed with the assistance of the
OLIVIA program developed in our laboratory (Yokochi
et al. http://fermi.pharm.hokudai.ac.jp/olivia/). The struc-
tures were calculated using the CYANA software package
(Herrmann et al. 2002) based on inter-proton distance
restraints from the NOESY spectra and angular restraints

from the TALOS program (Cornilescu et al. 1999). In the
structure calculations, La®* was also introduced with eight
artificial distance restraints of 2.6 A each between the La>*
and the oxygen atoms of LBT; i.e., one O¢ atom of Asp4,
Asp6 and Asp8, two O¢ atoms of Glul2, Glul5, and one
main chain oxygen atom of Alal0. La*" distance restraints
were determined based on the crystal structure of LBT-
Tb>* complex (Nitz et al. 2004). One hundred structures
were calculated individually using 10,000 steps of simu-
lated annealing, and a final ensemble of 20 structures was
selected based on CYANA target function values. The
atomic coordinates and structural restraints for L2GB have
been deposited in the Protein Data Bank, www.pdb.org
(PDB code: 2rpv). Heteronuclear steady-state 'H-'>N
NOEs were obtained from a pair of NOE spectra recorded
at 298 K with a 3.0 s relaxation delay, using a 600 MHz
NMR spectrometer. For PCS and RDC measurement, the
NMR spectra of L2GB and L1GB were acquired at 283 K
in complex with the diamagnetic lanthanide ion (La®>") and
paramagnetic lanthanide ions (Tb’", Er'"™ and Tm’™).
Aliquots of 5 mM LnClj; stock solution were added to the
NMR sample. PCS values were measured as the difference
in the HN chemical sifts; i.e., the chemical shifts observed
in complex with paramagnetic lanthanide ions minus those
observed in complex with the diamagnetic La>" ion. RDC
values were measured as the difference in '’N-doublet
splitting using the IPAP pulse sequence; i.e., the ’N-
doublet splitting observed in complex with the La>" ion
minus that observed in complex with a paramagnetic lan-
thanide ion.

Tensor determination from PCS and RDC

The Ay-tensors of L2GB and L1GB were calculated from
the PCS values and the structure of L2GB and GB1 (PDB
code: 1gbl; Gronenborn et al. 1991) with Eq. 1 using the
Numbat program (Schmitz et al. 2008),

1
AéPCS —
1273

3
AXax(3 cos® 0 — 1) + EAth sin” 0 cos 2(]5 ,

(1)

where ASTSS is the pseudo contact shift, r, 0 and ¢ are the
polar coordinates of the nucleus with respect to the prin-
cipal axis of the magnetic susceptibility tensor, and Ay,
and Ay, are the axial and rhombic components of the
magnetic susceptibility tensor. In the Numbat program, the
metal position was refined from the La’" position in
the L2GB structure based on the PCS data. Conformer 1 of
the family of NMR structures was used for the tensor fit.

The alignment tensors of L2GB and L1GB were eval-
uated from the RDC values and the structure of GB1 with
Eq. 2 using the Module program (Dosset et al. 2001),
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S h
Avrpc(Hz) = _2HoiNTult {Aax(3 cos> 0 — 1)

8n2r3
NH (2)

3
+ EArh sin? 0 cos 2¢} ,

where Avgpc is the residual dipolar coupling, S is the
generalized order parameter, o is the permeability of
vacuum, yy and yy are the magnetogyric ratios of '°N and
H, respectively, ryy is the internuclear distance between
N and 'H, and 0 and ¢ are the polar angles describing the
orientation of the vector connecting the coupled nuclei, '°N
and "H. Conformer 1 of the family of NMR structures was
used for the tensor fit.

Results and discussion

Optimization of the linker length in two-point
anchoring

We designed the construct with two-point anchoring based
on the structures of both the LBT and GB1. The linker
length between the LBT and GB1 was examined from 1- to
3-residues in order to best match the distance requirements
for two-point anchoring of the LBT. The '°N L2GB con-
structs containing one- (Thr), two- (Gly-Thr) and three-
residue (Ser-Gly-Thr) linkers were prepared and the
"H-">N HSQC spectra were acquired with 1 and 2 equiv-
alent of La®" and Tm>". As shown in Figure S1 (Sup-
porting information), the construct with the three-residue
linker showed a large PCS value with a single peak,
whereas the constructs with the two-residue linker all
showed double peaks. The construct with the one-residue
linker also showed similar behavior (data not shown). The
peak doubling in 1- or 2-residue linker might suggest that
the Ln**-loaded LBT exists in two conformations or there
is another weak metal binding site, due to inappropriate
architecture of the tag, indicating that one- or two-residue
linkers were not suitable. Thus, we concluded that the
construct with the three-residue linker best matched the
distance requirements and is referred to as L2GB hereafter.

The structure of L2GB

The structure of L2GB was first determined based on inter-
proton distance restraints from the NOESY spectra and
angular restraints from the TALOS program (Cornilescu
et al. 1999). A total of 1488 NOE-derived distance
restraints, 8 La’" distance restraints and 104 dihedral
restraints were used (Table 1). The overlay of 20 structures
with the lowest CYANA energy and the ribbon model of
the lowest energy structure are shown in Figs. 1 and 2,
respectively. The structures have an average backbone
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Table 1 Structural statistics for the 20 structures of L2GB

NOE distance restraints 1,488
Short range (intraresidue and sequential) 778
Medium range (2 < li—jl < 4) 263
Long range (li—jl > 4) 447

Dihedral angle restraints (y and ¢) 104

La*" distance restraints 8

Restraint violations
Distance restraints violated by >0.3 A 0
Torsion angle restraints violated by >3° 0

Structural coordinates rmsd (1-75)

Backbone atoms 0.43 A
All heavy atoms 0.73 A

Ramachandran plot
Most-favored regions 91.0%
Additionally allowed regions 8.5%
Generously allowed regions 0.5%
Disallowed regions 0.0%

GB1

0.8

NOE

0.6

0.4

0.2

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76

residue number

Fig. 2 Ensemble of the 20 lowest energy structures of L2GB with
Ay-tensor axis of Tb>" determined by PCS, displayed in stereo (a).
Yellow dots represent the position of the Lanthanum ion. The z-, y-
and x-axis were shown in blue, green and red, respectively. The
structures were drawn using the program MOLMOL (Koradi et al.
1996). NOE values of L2GB in complex with La*", plotted as a
function of residue number (b)
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RMSD of 0.43 A and they present no distance violations
larger than 0.3 A or angle violations larger than 3°. The
structure of L2GB indicated that the LBT was successfully
attached to GB1 via two anchoring points. In the L2GB
structure, both the LBT and GB1 moieties retain their own
structures and no structural distortion or steric hindrance
was observed. Furthermore, the relative position of the
LBT, as well as the La3+, was reasonably defined against
GBI1. Thus, the present tagging method can be applied to a
wide variety of proteins by introducing anchoring points
based on the structures of the LBT and target proteins.
Steady-state {]H}-ISN NOE was measured to estimate
the mobility of the LBT and GB1 moieties of L2GB
(Fig. 2b). The NOE values for both moieties were more
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Fig. 3 "H-'N HSQC spectra of >N L2GB (a) and "N L1GB (b) in
complex with La** (gray), Er*t (green), Tm* " (blue), TH>+ (orange).
Expanded view of the region surrounded by dashed line in the spectra

than 0.7, suggesting that both moieties are relatively fixed.
Thus, it can be concluded that the two-point anchoring
method is useful for fixing the LBT to target proteins.

"H-'>N HSQC spectra of L2GB and L1IGB complexed
with lanthanide ions

"H-'>N HSQC spectra of the '°’N-labeled L2GB and L1GB
were recorded at 283 K in the presence of 1 equivalent of
lanthanide ions (La>", Tb>*, Er* ", and Tm>"), where La>"
was used as a diamagnetic reference. The addition of the
paramagnetic lanthanide ions to the '’N-labeled L2GB and
L1GB induced PCSs (Fig. 3, and Supporting information
Table S1). Er’* and Tm>" induced signal shifts toward the
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of L2GB (c¢) and L1GB (d). Spectra were acquired by 600 MHz NMR
spectrometer at 283 K
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lower field, and Tb*" induced signal shifts toward the
higher field. Although the signals from the amide protons
close to the anchoring points of the LBT disappeared due to
the paramagnetic relaxation effect, other signals were rel-
atively sharp even in the presence of the strong paramag-
netic lanthanide, Tb>™.

Ay-tensors of paramagnetic lanthanide ions in L2GB
and L1GB

Prior to the tensor calculations, the 'H-'°N HSQC cross-
peaks of the paramagnetic samples were assigned based on
the diamagnetic spectrum. Since the 'H and "°N atoms of
each amide group are close in space, the PCS had similar
ppm values in both 'H and '°N dimensions (Su et al. 2006).
Thus, most signals in the 'H-'SN HSQC spectra of the
paramagnetic samples were assigned based on those of the
diamagnetic sample. Signals that remained unassigned
after the manual assignment were additionally assigned
using the Echidna program (Schmitz et al. 2006), for which
the structure of L2GB, the peak table of the paramagnetic
"H-">N HSQC with incomplete assignments and assign-
ments of the diamagnetic "H-">’N HSQC spectrum were
used as input data.

The Ay-tensors were then calculated based on the PCS
values and the structure of L2GB using the Numbat pro-
gram (Schmitz et al. 2008; Table 2). For calculating the

Fig. 4 Comparison between (a) experimental PCS (ppm)
experimental and back- 3 2 R

tensors, the metal position was also optimized based on the
PCS values. The optimized metal position of L2GB was
located 5.4 A away from the position determined by
CYANA. The Ay, values in LIGB and L2GB were sim-
ilar, while the Ay, values in L1GB was appreciably
smaller than those in L2GB. The correlations between
experimental and back-calculated PCS values for L2GB
and L1GB were both good, whereas the principal axis
of the tensor were better defined in L2GB than in L1GB,
as shown in the Sanson-Flamsteed plot (Fig. 4, and

Table 2 Magnetic susceptibility tensors of lanthanide ions in com-
plex with L2GB and L1GB

Lanthanide Ay, Ay o g P
L2GB Er* —-83+£07 —-6.6+02 190 142 152
Tm**+ —212+£27 -—-150+£1.1 167 131 120
o>+ 324 +£29 150 £ 1.6 174 134 133
LIGB Er** —-75+£03 -394+03 259 168 306
Tm?* —192+16 —-102+1.1 232 163 284
Tb**+ 253+ 14 51 £ 1.3 214 143 264

* Ayax and Ay, values are in 10732 [m®] and error estimates were
obtained by Monte-Carlo protocol using the 100 partial PCS data sets
in which 30% of the input data were randomly deleted

® The Euler angles («, 8, 7) are represented in ZXZ convention in
degrees

experimental PCS (ppm)
-2 ) -1 ) 0

(b)
3

calculated PCS of backbone
amide protons observed in
L2GB (a) and L1GB (b) in the
presence of Th*". The ideal
correlations are indicated.
Orientation of the principal axis
of the magnetic susceptibility
tensor of Tb>" in complex with
L2GB (c¢) and L1GB (d),
visualized in Sanson—Flamsteed
projection. The plots show the
points where the principal axis
of the Ay-tensor penetrate the
sphere, with the z-, y- and x-axis
in blue, green and red,
respectively. 100 sets of plots

(wdd) gnd paienoje
(wdd) s0d pele|nojes

L2

represent the result of Monte-
Carlo analysis using the 100
partial PCS data sets in which
30% of the input data were
randomly deleted
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Supporting information Figures S2, S3). From these data,
we concluded that the lanthanide ion is more fixed in L2GB
than in L1GB and the reduced Ay, tensor value in L1GB is
possibly due to mobility around the axis of symmetry of the
Ay-tensor in L1GB.

Unexpectedly, the PCS values of L2GB and L1GB did not
differ greatly and, in fact, some L1GB signals showed larger
PCS values than did those in L2GB (Table S1). However, the
Ay, values indicated that the lanthanide ion was fixed more
rigidly in L2GB than in L1GB. This can be explained by
differences in the metal position and the orientation of the
principal axis of the Ay-tensor between L2GB and L1GB.
The metal position in L1GB was closer to the GB1 moiety
than that in L2GB; i.e., the distance between the metal and
the sulfur atom of the cysteine residue was 10.1 AinL1GB
and 12.7 A in L2GB. N-terminal fusion of the LBT slightly
increased the distance of the metal from the GB1 moiety,
which decreased the observed PCS value in L2GB.

RDC measurement and calculation of alignment tensors

We measured the RDC values for L2GB and L1GB in
complex with Tm®", Er’", and Tb>", using a Varian

UNITY Inova 600 MHz NMR spectrometer (Fig. Sa, b,
and Supporting information Figure S4). As was consistent
with the PCS measurement, the RDC induced by Tb**
was of an opposite sign to those induced by Er’t and
Tm>™, reflecting the different orientation of the anisotropy
tensors. It is worth noting that the RDC values observed
for L2GB were about 2-3 times larger than those for
L1GB (Fig. 5).

Alignment tensors for L2GB and L1GB with Tm>",
Er’" and Tb*" were calculated based on the RDC values
and the structure of GB1 (PDB code 1gbl; Gronenborn
et al. 1991), using Eq. 2 in the Module program (Dosset
et al. 2001; Table 3; Fig. 5c, d). As predicted from the
RDC values, the A, and A, components for L2GB were
2-3 times larger than those for L1GB. The mobility of the
lanthanide-binding tag, and thus the mobility of the lan-
thanide ion, averaged the anisotropic effect of the lantha-
nide ion, which decreased the RDC values and the size of
the alignment tensors (Bertini et al. 2004, 2007). Thus,
taking the PCS and RDC analyses together, we concluded
that the two-point anchoring of the LBT to GB1 reduced
the mobility of the lanthanide ion more efficiently than did
the single-point anchoring.

Fig. 5 RDC of L2GB (a) and
L1GB (b) with Tb>" plotted
against the residue number.
Spectra were acquired using
600 MHz NMR spectrometer at
283 K. The residue numbering
for L1GB is represented to 2
correspond to L2GB.
Comparison between
experimental and back-
calculated RDC of backbone
amide protons observed in
L2GB (c¢) and L1GB (d) in the
presence of Tb>*. The ideal 10
correlations are indicated
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Comparison of anisotropic tensors derived from PCS
and RDC data

The difference in the anisotropic effects between L2GB
and L1GB was larger for the RDC-derived parameters than
for the PCS-derived parameters; i.e., the PCS values and
the Ay-tensors determined from the PCS data did not differ
greatly between L2GB and L1GB, whereas there were two
to threefold differences in the RDC values and the align-
ment tensors determined from the RDC data between
L2GB and LI1IGB (Tables 2, 3; Fig. 5, and Supporting
information Figure S4). It appears that RDC is more sen-
sitive to the mobility of the lanthanide ion than is PCS
(Keizers et al. 2007, 2008). For a comparison between the
PCS and RDC datasets, the alignment tensors of L1GB and
L2GB were converted to the Ay-tensors by Eq. 3,

15/1 kBT
AXaxﬁrh = #Aax,rh; (3)
0

where By is the magnetic field strength, kg is the Boltz-
mann constant and T is the observed temperature (Sup-
porting information Table S2). Results showed that Ay~-¢
was 50-60% of Ay for L2GB, and about 25% for
L1GB. The Ay-tensors obtained by RDC are generally
smaller than those obtained by PCS, and they become even
smaller when the structure is used for the tensor fitting
without RDC-based refinement (Su et al. 2008a, b; Keizers
et al. 2008). We did not refine the structure using RDC
values, but used the GB1 structure determined by NOE
constraints. If the RDC-refined structure is used in the
tensor calculation, tensor values might be increased by
more than 30% (Keizers et al. 2008). However, this is not
sufficient to explain the present discrepancy. It is probable
that the tag still has some mobility even in L2GB. In the
L2GB structure, the orientation of the LBT with respect to
GBI is not absolutely defined, which might represent an
actual fluctuation of the LBT as is shown in Fig. 2a. The

Table 3 Alignment tensors of lanthanide ions in complex with the
L2GB and L1GB as determined from RDC

Lanthanide A3, b o g P
L2GB Er** —1.08 £ 0.18 —0.84 + 0.35 175 126 234
Tm>*+ —293 £0.16 —241 +0.36 179 123 251
o>+ 492 £+ 0.21 3.20 £0.37 112 119 160
LIGB Er** —0.54 £0.17 —0.61 = 0.31 185 106 233
Tm?* —1.33 £0.18 —1.38 044 180 94 228
Tb>+ 1.77 £ 0.19 1.15 £ 040 135 99 183

% A and Ay, values are in 10™* and error estimates were obtained by
Monte-Carlo based analysis using 100 replicate RDC data sets with
Gaussian noise

® The Euler angles (a, f, y) are represented in ZXZ convention in
degrees

@ Springer

simulation by Bertini et al. indicated that the averaging
caused by the mobility of the principal axis of the tensor
was more severe for RDC than for PCS (Bertini et al. 2004)
and the experimental data also support this result (Bertini
et al. 2007). There are several reports of similar discrep-
ancies between PCS- and RDC-derived tensors associated
with lanthanide tagging methods (Gaponenko et al. 2002),
and even in metalloproteins (Banci et al. 1998; Déméné
et al. 2000). In these cases, however, the structures were
determined based on PCS and/or RDC data (Hus et al.
2000; Gaponenko et al. 2004).

Application of PCS for structure calculation

To validate the applicability of the two-point attachment of
the LBT for structural analysis, we calculated the structure
of the GB1 moiety of L2GB using the PCS restraints as
well as the NOE derived distance restraints. Since con-
vergence of the structure of GB1 was satisfactory even in
the absence of the paramagnetic restraints (Fig. 2a), we
used a limited number of the NOE constraints in which
50% of the NOE restraints were randomly deleted. Using
Paramagnetic CYANA (Banci et al. 1998), the structures of
GBI were calculated based on a total of 602 inter-proton
distance restraints with or without 160 PCS restraints
observed for backbone amide protons of GB1 obtained in
the presence of Er3+, Tm>" and Tb>*. The structure was
improved by using the PCS restraints, where the structures
with PCS restraints had an average backbone RMSD of
0.93 A and those without PCS restraints had RMSD of
123 A (Supporting information Figure S5). This result
indicates that the present tagging method can be applied to
structural analysis.

Comparison of synthetic lanthanide chelators with two-
point anchoring

Rigidity of the tag is important for the acquisition of
accurate structural information with a minimum of exper-
imental error and artifact. Two-point anchoring of the tag is
efficient in reducing tag mobility. The symmetrically
designed synthetic chelators can be anchored to the protein
via two disulfide bonds (Rodriguez-Castafieda et al. 2006;
Vlasie et al. 2007; Keizers et al. 2007, 2008; Prudéncio
et al. 2004). However, most of these synthetic tags show
peak doubling due to enantiomeric conformer of the lan-
thanide-substituted tag. The lanthanide binding peptide
tags (LBTs) have advantages over the synthetic tags, in
terms of availability, chiral purity and rigidity because of
their bulkiness (Su et al. 2008a). Here, we introduced the
lanthanide binding peptide tag with two-point anchoring
which improved the rigidity of the tag against the protein
and provided larger RDC values and the Ajy-tensor.
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Furthermore, it was shown that the structure of the GB1
was successfully refined using the PCS restraints derived
from the two-point anchored LBT. Further studies may be
needed to investigate the combined use of the PCS and
RDC, as the residual mobility of the tag appears to have a
relatively larger influence on RDC. However, the two-point
anchoring tag is useful at least for the separate exploitation
of RDC and PCS, as the magnitude of the RDC was much
larger and the Ay-tensor derived from PCS was comparable
to that of calbindin (Bertini et al. 2001a) with similar
coordination sites around the lanthanide ions.

It should be mentioned that Keizers et al. recently
reported the double-anchored chelator which provided
good agreement between AyFS and AyRPC: AyRPC was
60-90% of AyrcS, indicating higher rigidity of this tag
(Keizers et al. 2007, 2008).

Conclusion

We have shown that the lanthanide-binding peptide tag
linked to the target protein via two anchoring points, a
disulfide bridge and an N-terminal fusion, reduces the
mobility of the tag and is useful for the wide application of
the lanthanide ions to the structural analysis of non-metal-
loproteins. This tagging method has several advantages in
terms of (1) availability for protein NMR researchers, (2)
chiral purity, (3) maintenance of the target protein structure,
and (4) increased rigidity of tag compared to single-point
anchoring. This two-point anchoring method was applied to
GBI, thereafter referred to as L2GB. L2GB provided PCS
values of up to 2.7 ppm in complex with Tm*", and RDC
values in the range of —12 to +11 Hz when measured by
600 MHz NMR spectrometer in complex with Tb>". The
rhombicity of the magnetic susceptibility tensor determined
on the basis of the PCS values was much larger than that of
L1GB. Furthermore, L2GB provided RDC values and
alignment tensors almost twice as large as those of L1GB.
These data indicate that the two-point tagging of the LBT
efficiently reduced the mobility of the lanthanide ion. It was
also shown that PCS restraints obtained from L2GB were
successfully used in the early stage of structure determina-
tion: the average backbone RMSD was reduced from 1.23 A
to 0.93 A for GBI.
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